ABSTRACT: Li 2 S is a high-capacity cathode material for lithium metal-free rechargeable batteries. It has a theoretical capacity of 1166 mAh/g, which is nearly 1 order of magnitude higher than traditional metal oxides/phosphates cathodes. However, Li 2 S is usually considered to be electrochemically inactive due to its high electronic resistivity and low lithiumion diffusivity. In this paper, we discover that a large potential barrier (∼1 V) exists at the beginning of charging for Li 2 S. By applying a higher voltage cutoff, this barrier can be overcome and Li 2 S becomes active. Moreover, this barrier does not appear again in the following cycling. Subsequent cycling shows that the material behaves similar to common sulfur cathodes with high energy efficiency. The initial discharge capacity is greater than 800 mAh/g for even 10 μm Li 2 S particles. Moreover, after 10 cycles, the capacity is stabilized around 500−550 mAh/g with a capacity decay rate of only ∼0.25% per cycle. The origin of the initial barrier is found to be the phase nucleation of polysulfides, but the amplitude of barrier is mainly due to two factors: (a) charge transfer directly between Li 2 S and electrolyte without polysulfide and (b) lithium-ion diffusion in Li 2 S. These results demonstrate a simple and scalable approach to utilizing Li 2 S as the cathode material for rechargeable lithium-ion batteries with high specific energy.
■ INTRODUCTION
Rechargeable lithium-ion batteries have been widely used in portable electronics and are promising for applications in electric vehicles and smart grids. 1−4 However, due to limited capacity in both electrodes, the specific energy of Li-ion batteries needs to be improved significantly to fulfill the requirements in these applications. 5, 6 Significant improvement has been achieved in the development of high-capacity materials to replace carbon-based anodes, such as silicon 7−12 and tin. 13 However, state-of-the-art cathode materials have a capacity less than one-half of the carbon anode. Accordingly, breakthroughs in cathodes are urgently needed to increase the specific energy of lithium-ion batteries. Current metal oxide and phosphate cathodes possess an intrinsic capacity limit of ∼300 mAh/g, with a potential of maximum 130% increase in the specific energy if all the capacity can be used. 14, 15 In contrast, Li 2 S has a specific capacity of 1166 mAh/g, four times that of the limit in oxide/phosphate cathodes. 15, 16 Considering pairing with Si anodes with 2000 mAh/g capacity, the specific energy of a Li 2 S-based lithium-ion battery could be 60% higher than the theoretical limit of metal oxide/phosphate counterparts ( Figure 1A , see Supporting Information for details) and three times that of the current LiCoO 2 /graphite system. Moreover, Li 2 S could be paired with a lithium-free anode, preventing safety concerns and low Coulomb efficiency of lithium metal in Li/S batteries. 17, 18 The main hindrance for utilizing Li 2 S is that it is both electronically and ionically insulating. Therefore, Li 2 S was considered electrochemically inactive. 19 Recently, significant progress has been made to activate Li 2 S. In our previous work, we reported a nanocomposite of Li 2 S/mesoporous carbon with an initial capacity of 950 mAh/g. A full cell of Li 2 S/silicon battery has also been demonstrated with a specific energy of 1000 Wh/kg based on the mass of active materials 15 (see Supporting Information for details). A ball-milled micrometersized Li 2 S electrode with polymer electrolyte was reported to reach capacity close to the theoretical limit but with a large hysteresis (∼1.6 V) and low energy efficiency (<50%) for the full cell. 20 Discharge capacities around 300 mAh/g were also observed in carbon/Li 2 S composite electrodes at room temperature. 21, 22 A Li 2 S/indium cell with solid state electrolyte was also demonstrated recently with promising performance. 23 In this work, we show that there is a potential barrier of ∼1 V at the beginning of the first charging of Li 2 S. By simply applying a higher voltage cutoff to overcome this barrier, Li 2 S can be oxidized to polysulfides and rendered active ( Figure 1B ). After this activation process, the barrier does not appear again in subsequent cycling. An initial discharge capacity higher than 800 mAh/g is observed. Moreover, stable cycling has been achieved. The discharge capacity at the 10th cycle reaches 523 mAh/g based on the mass of Li 2 S, and after that the capacity decays only ∼0.25% per cycle. This method represents a simple and scalable approach to activate Li 2 S, which has not been discovered before. In addition, as the size of Li 2 S particles was in the micrometer range, the tap density of the electrode can be largely enhanced compared to their nanostructured counterpart. 15 
■ EXPERIMENTAL SECTION
Li 2 S particles were purchased from Alfa Aesar. Sample without further modification is denoted as "pristine". Ball-milled Li 2 S particles were prepared by mixing pristine Li 2 S and Al 2 O 3 (Sigma Aldrich) with a weight ratio of 95:5 and ball milled for 6 h (SPEX 8000D miller). Lithium nitrate was also purchased from Sigma Aldrich. Polysulfide solution was prepared by stirring pristine Li 2 S and sulfur in 1,3-dioxolane overnight at 60°C. The as-synthesized solution has a nominal molecular formula of Li 2 S 8 , and the concentration of sulfur is 0.2 M. To form electrodes for electrochemical testing, Li 2 S particles, Super P carbon black, and polyvinylidene fluoride (Kynar) were ground together at a weight ratio of 40:45:15 in a mortar for 10 min and then stirred in N-methyl-2-pyrrolidone (NMP) for 12 h so that the content of Li 2 S in pristine and ball-milled samples is 40% and 38% in weight, respectively. Next, the slurry was drop cast onto carbon paper (AvCarb P50T) and heated at 110°C for 1 h inside a glovebox. The mass loading of the electrode is 1−1.5 mg Li 2 S/cm 2 . 2032-type coin cells (MTI Corp.) were used for two-electrode testing with lithium metal as the counter electrode. Cyclic voltammetry and impedance measurements were performed under a three-electrode configuration in pouch cells. A small piece of lithium was used as reference electrode and placed between Li 2 S and lithium electrodes. All electrodes are separated by polymer separators. Electrolyte is 1.0 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma Aldrich) in 1,3-dioxolane and 1,2-dimethoxyethane (v:v = 1:1). Electrode preparation and cell assembly were done in a glovebox with O 2 and H 2 O less than 2 and 0.1 ppm, respectively. All C rates are based on the theoretical capacity of Li 2 S (1C = 1166 mA/g). The frequency range for the impedance measurement is from 200 kHz to 0.01 Hz. In-situ synchrotron diffraction was performed at Stanford Synchrotron Radiation Lightsource beamline 11-3 with an X-ray energy of 12.74 keV. Experimental details were described in our previous work. 24 COMSOL 3.4 was used for simulation. Figure 2 illustrates the morphology of both pristine and ballmilled Li 2 S particles. The typical particle size of pristine Li 2 S is ∼10 μm. Large particles with diameters up to 20 μm were also frequently observed in the pristine sample. After ball milling, the particle size decreases to 1−3 μm with an average size of 2 μm.
■ RESULTS AND DISCUSSION
The voltage profile in the initial three cycles for pristine Li 2 S at C/20 (58.3 mA/g) is presented in Figure 3a . A large barrier was apparent up at the beginning of the first charging. The voltage reached 3.45 V vs Li/Li + at a charging capacity of 48 mAh/g and then drops. The barrier was followed by a long flat plateau at ∼2.4 V, suggesting a two-phase reaction. Afterward, the voltage jumps up and extra capacity was also extracted above 3.5 V, which was likely due to the imperfect mixing or poor contact between some Li 2 S particles and carbon additives. The total capacity extracted in the initial charging was 982 mAh/g. In the first discharge, the typical two-plateau behavior of sulfur cathode was observed 25, 26 and a discharge capacity of 804 mAh/g has been achieved, which is ∼70% of the theoretical limit. The large charging barrier disappeared in the following cycles, and the voltage profile became similar to common sulfur electrodes. 26, 27 This results in a low hysteresis (∼0.2 V) between charge and discharge and thus high energy efficiency (85−90%), which is a dramatic improvement compared to previous results on Li 2 S. 20 The charging barriers were observed in both pristine and ball-milled samples at different rates ( Figure 3B and 3C) . Barrier heights were in the range of 0.9−1.5 V, which were calculated as the difference between maximum voltage in the barrier and the plateau voltage. The plateau voltage is generally 2.4−2.5 V in the range of C/20−C/8. After overcoming the barrier, significant capacity could be discharged in both types of samples. For example, an initial discharge capacity of 835 mAh/ g was achieved at C/20 for ball-milled Li 2 S electrodes, and the capacity at C/8 was maintained at 696 and 626 mAh/g for ballmilled and pristine Li 2 S electrodes, respectively. It should be noted that the theoretical capacity of Li 2 S with the mass of lithium counted is 70% of sulfur. To compare our results with sulfur cathode, which is currently being intensively studied, the capacity based on the mass of sulfur in Li 2 S is also plotted on the top axis ( Figure 3B and 3C ). This activation behavior was also observed in our Li 2 S/mesoporous carbon nanocomposite but with a much smaller amplitude (0.18 V), as the characteristic dimension of Li 2 S in the composite was only about 3−10 nm. 15 In general, this barrier is universal in Li 2 S samples. Statistically we found that a smaller current rate leads to a lower barrier, which will be discussed later in this paper. Initial activation was also confirmed by cyclic voltammetry measurements, which are shown in Figure S1 , Supporting Information. In the initial sweep, anodic peaks were observed at 3.65 and 3.45 V vs Li/Li + for pristine and ball-milled samples, respectively. Peak positions do not indicate that oxidation of Li 2 S occurs at such high potentials but that a high overpotential is necessary to overcome the initial barrier and render Li 2 S electrochemically active. Redox peaks in the following cycles occur at positions of common sulfur cathodes, indicating that the cathode behaves in the same way as common sulfur electrodes. 28 The cycling performance of pristine Li 2 S electrodes is illustrated in Figure 3D . All samples were charged at C/25 to 3.8 V first and then cycled at C/10 between 1.5 and 3.5 V vs Li/Li + . Without any additive, the Li 2 S electrode showed a fast decay, similar to common sulfur cathodes. 27,29−31 However, the cycling performance was improved dramatically by introducing additives into the electrolyte. For example, with 1% LiNO 3 in the electrolyte, the initial discharge capacity reached 950 mAh/ g at C/10. The discharge capacity was stabilized at 540 mAh/g at the 11th cycle, and the capacity of 460 mAh/g remained at the 50th cycle, corresponding to capacity retention of 85% in 40 cycles. Adding polysulfide into the electrolyte can also help improve the cycle life. When 20 μL Li 2 S 8 solution ([S] = 0.2 M) was added into the electrolyte, the discharge capacity at the 10th and 50th cycles were 523 and 461 mAh/g, respectively, leading to a capacity decay of only 0.3% per cycle. The cycling performance of cells with polysulfide additive was further tested up to 100 cycles. The capacity decay rate was only 0.22% per cycle between the 10th and the 100th cycles ( Figure S2 , Supporting Information). The total amount of sulfur in the polysulfide additive was ∼10% of that in the Li 2 S electrode, so the majority of the capacity originates from Li 2 S. The improvement is likely a result of minimized material loss on the surface of lithium. LiNO 3 is well known to passivate the surface of lithium metal and significantly improve the Coulomb efficiency. 29, 32, 33 Polysulfide additives can compensate for material loss due to side reaction on the surface of lithium. The fact that Li 2 S shrinks in the initial charge instead of expansion for sulfur cathodes may also contribute to the improved capacity retention, as it has less damage to the electrode integrity. The Coulomb efficiency was 95−97% for samples with LiNO 3 additives and 75−80% for those with polysulfide in the electrolyte. The Coulomb efficiency for Li 2 S electrode without any additive was 80−90%. Similar cycling performance was also observed in ball-milled Li 2 S, suggesting that particle size has little effect on the cycle life of Li 2 S in the range of 1−10 μm, as Li 2 S is converted to polysulfides after the initial charge in both pristine and ball-milled samples.
Good capacity retention at high rates was also observed in the Li 2 S electrodes ( Figure 3E ). For pristine samples, the capacity remained at 645 mAh/g at 0.5 C (583 mA/g), which was 77% of that at 0.1 C. In the ball-milled samples, the capacity even reached 738 mAh/g at 0.5 C, 86% of that at 0.1 C. In all rate capability tests, 1% LiNO 3 was added to the electrolyte to reduce the impedance at the lithium/electrolyte interface and prevent material loss due to side reaction on the surface of metallic lithium. It should be noticed that 5−10% of discharge capacity in the second cycle arises from the LiNO 3 additive.
Results above show that Li 2 S is a promising candidate as a high-capacity cathode for Li-ion batteries. Along with studies on Li 2 S, a high-energy Li/S battery is currently an active field and plenty of progress has been achieved in improving its performance. 5,14,25,34−36 Thus, it is meaningful to compare the characteristics of these two systems. The theoretical specific energy of the Li/S system is 2600 Wh/kg, 70% higher than the Li 2 S/silicon system (1550 Wh/kg). 15 However, practically, significantly more lithium is required in Li/S batteries due to formation of mossy lithium and the low Coulomb efficiency of lithium. 16 Consequently, the practical specific energy of Li 2 S/ silicon (930 Wh/kg) is close to that of the Li/S battery (1000 Wh/kg) (see Supporting Information for detailed calculations). The Li 2 S/silicon system also avoids the safety issue in Li/S batteries. One possible issue of the Li 2 S cathode is its reaction with moisture to generate toxic H 2 S so that a dry room or glovebox is necessary for electrode fabrication and assembly. Full cell tests are also critical for evaluating practical applications of Li 2 S.
As described above, by applying a high voltage cutoff in the initial charging, we demonstrated a simple and scalable method for activating Li 2 S, especially given the fact that this material is air sensitive. No extra processing, such as lithiation or hightemperature processing to form carbon/Li 2 S composite, is needed. Moreover, our approach is also compatible with conventional liquid electrolyte and room temperature operation. To our knowledge, this activation behavior is novel and has not been observed in other battery systems. It is thus meaningful to elucidate the mechanism behind the phenomenon in order to guide further improvement of this material. There are two basic questions to answer: (1) What is the reaction mechanism, such as the charging product and whether it is a single-phase or two-phase reaction and (2) what is the origin of the large initial potential barrier?
To answer these questions, in-situ synchrotron diffraction was used first to study the phase evolution in the initial charge. Diffraction patterns at different stages of charging are plotted in Figure 4 . Numbers on the right side represent the amount of capacity extracted. All Li 2 S peak intensities decreased monotonously, showing that Li 2 S is oxidized during charging. Meanwhile, no extra peaks corresponding to sulfur were observed so that crystalline sulfur was not formed. Several sharp peaks were observed at random stages of the charging. They are likely to come from other components in the cell, such as the plastic bag and separators, since they were also observed in other tests even without Li 2 S electrodes. We also notice that the electrolyte turned yellow during the charging process, which is clear evidence that the charging product in the plateau region is soluble lithium polysufides.
The long flat plateau in the charge (Figure 3 A−C) and the initial barrier are both characteristics of the two-phase reaction. The origin of the barrier could be explained by phase nucleation where an extra driving force is needed to nucleate the new phase (polysulfides in this system), as observed in other materials with a two-phase reaction before, such as LiFePO 4 .
37 This is further confirmed by the experiment of intentionally adding polysulfide solution into the electrolyte. The initial barrier disappeared after adding polysulfide solution into the electrolyte, as polysulfide nuclei already existed and thus extra free energy for phase nucleation was not required ( Figure S3 , Supporting Information). These results demonstrate that the reaction in the plateau region in the initial charge is a two-phase reaction between Li 2 S and polysulfides, and the origin of the initial barrier is phase nucleation. However, the barrier height may be not solely determined by phase nucleation. Other kinetic processes, such as ionic transport, electronic conductivity, and charge transfer, also accompany the phase nucleation process in the initial barrier. These kinetic factors could contribute significantly to the amplitude of the potential barrier, especially at high current rates. As a result, it is important to determine the dominant factor for this large barrier to obtain a complete understanding of the electrochemical process and guide further improvement of Li 2 S.
We first examine the contribution of the thermodynamic component, which is approached at the low current limit where effects of kinetic factors are negligible. Figure 5A shows the profiles of voltage barriers in a large current range from C/8 to C/1000 for the ball-milled sample. Barrier height strongly depends on the current rate, for example, 1.15 V at C/8 and only 25 mV at C/2000. Overpotentials at different current rates are plotted in Figure 5B . The relation can be divided into two regions, as guided by the red line. At higher current (>C/200), there is a linear relation between the overpotential and logarithm of the current rate. In contrast, the overpotential is nearly constant and quite small at low current (C/2000−C/ 500), which is the energy needed for phase nucleation since this approaches the zero-current limit and thus thermodynamics dominates. 38 The inset in Figure 5B shows the low-current region. The overpotential approaches ∼20 mV at zero current. This small overpotential is negligible compared to the large barrier height (0.5−1 V) at moderate rates (C/50−C/8). As a result, kinetic factors are believed to dominate the height of the Figure 4 . In-situ X-ray diffraction patterns of Li 2 S electrode during the initial charging. Li 2 S peaks were indicated with the indexing and disappeared on charging, but no extra peaks belonging to sulfur were detected. Numbers on the right represent the charging capacity. Asterisks (*) correspond to peaks from the plastic bag and the polymer separator. barrier when current is higher than C/100, reasonable rates for practical applications. This does not conflict with the previous statement that the initial barrier originates from phase nucleation of polysulfides. In our measurements, the contributions of all kinetic factors to the barrier height are concomitant with the phase nucleation process. At extremely low current rate (≤C/500) where kinetic factors have little effect on the electrochemical process, observation of the initial barrier indicates its thermodynamic origin from phase nucleation. As the current rate increases, the overpotential associated with kinetic factors also increases exponentially and finally dominates the height of the total barrier at high current (>C/100), as shown in Figure 5B . Similar behavior was also observed in pristine Li 2 S samples, which were larger than the ball-milled ones. However, the thermodynamic limit was not reached even at current as low as C/5000 (0.23 mA/g) for pristine Li 2 S ( Figure S4, Supporting Information) . In order to keep the whole analysis consistent, ball-milled Li 2 S particles were used as the model system for the following mechanism studies, although pristine Li 2 S samples showed the same trend.
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Three kinetic factors might be responsible for the large barrier height: electronic conductivity of Li 2 S, diffusivity of lithium ions in Li 2 S, and charge transfer process at the surface of Li 2 S particles. Other factors, such as ionic transport in the electrolyte, should contribute little to the overpotential as the current density is low (∼200 μA/cm 2 for C/8). The solid electrolyte interphase on the lithium surface is also negligible since a large overpotential was not observed after the initial barrier. To understand the effect of these factors, we focus on the point when Li 2 S cathode was charged to the top of the potential barrier, where the largest overpotential was reached.
The contribution of electronic conductivity was studied first as Li 2 S is an electronically insulating material. The effect of electronic conductivity is measured as the immediate voltage drop when current is turned off at the top of the barrier, since electronic transport is a fast process. 39 Measurements have been done in both the coin cell and the pouch cell configuration, and similar results were observed. The initial voltage drop is as small as less than 10 mV at both C/20 and C/200 ( Figure S5 , Supporting Information). One concern in this measurement is that electrons may not respond as fast as that in common battery materials due to the high resistivity of Li 2 S. To address this issue, the charge relaxation time t was estimated. 40 The calculated relaxation time is less than ∼0.2 s, and thus, the effect of electronic transport is negligible after 1 s. The corresponding voltage drop at 1 s is also negligible (<30 mV) compared to the large potential barrier ( Figure S5 , Supporting Information). Consequently, the effect of electronic conductivity is negligible, and the barrier is dominated by either ionic transport inside Li 2 S or the charge transfer process on the surface of Li 2 S particles. Details of analyses are presented in the Supporting Information.
To understand the effect of lithium-ion diffusivity and charge transfer, a suitable model is needed to describe the electrochemical process in the barrier region. We followed the work by the Newman group, where the Butler−Volmer model was used as the governing equation. 41, 42 At the top of the potential barrier, the polysulfide phase is not yet formed. Consequently, the electrochemical reaction is still within the single-phase regime
(*)
The extracted lithium ions migrate into the electrolyte and electrons move to the current collector through the carbon additives, leaving deficient Li 2−x S in the solid state. As a result, the reaction only happens at the boundary of the three phases: Li 2 S, carbon additives, and electrolyte. The relation between overpotential (η) and current rate (j) can be described as
where j 0 is the exchange current, C S is the concentration of lithium ions on the surface, and C T is the concentration of lithium ions in stoichiometric Li 2 S. α is the transfer coefficient, F is the Faraday constant, R is the ideal gas constant, and T is the temperature. At the top of the barrier, the overpotential η is a large positive value so that the second exponential term is negligible and the expression can be simplified to
This expression illustrates that overpotential should be proportional to the logarithm of the current, which is consistent with our results ( Figure 5B ), suggesting that the process is dominated by charge transfer. It also shows that the overpotential only relates to ionic transport inside Li 2 S through C S , the surface concentration of ions. The overpotential due to ionic transport then can be calculated as the difference between two cases: the real situation and the case that diffusivity is so high that it does not contribute to the overpotential. 43 Consequently, the overpotential due to ionic transport is expressed as
C′ is the concentration of lithium ions at the surface of the Li 2 S particle at the top of the potential barrier when diffusivity is very high (see "The Effect of Ionic Transport" part in the Supporting Information for details). The lithium-ion concentration on the surface of Li 2 S is very difficult to measure experimentally. Instead, simulation was used to obtain the surface concentration of lithium ions in different cases. The Nernst−Planck equation was used to describe the process, and the movement of lithium ions and electrons was treated as a binary electrolyte. 44 We found that the surface concentration of lithium ions decreased as the current increased, since a larger concentration gradient is needed at higher current rate to maintain the continuous current at the Li 2 S/electrolyte interface. For example, the concentration of Li + is ∼35% of that in stoichiometric Li 2 S at C/20, while it is 85−90% at C/ 200 ( Figure S7, Supporting Information) . As a result, the Li 2 S particle has a core/shell-like structure when charged to the top of the barrier. The shell is highly lithium deficient Li 2 S, and the core is nearly stoichiometric Li 2 S, as described in Figure S7 , Supporting Information. Simulation details are presented in the Supporting Information.
By applying the simulated surface concentration of lithium ions and experimental overpotential, current data in eq 2, parameters such as α and j 0 could be determined. α is fitted to be 0.91 ± 0.01, and j 0 is 3 ± 1 × 10 −7 A/cm 2 with a correlation coefficient of 0.99. The high correlation coefficient suggests that the model adequately described the electrochemical process. α of 0.91 is a very large transfer coefficient as common values for α are between 0.3 and 0.7. 45 The high α means that the applied overpotential is very ineffective in adjusting the Journal of the American Chemical Society energy barrier for oxidation of Li 2 S. Substituting α = 0.91 into eq 3, overpotentials due to ionic transport (η ion ) were calculated, as shown in Figure 6A . In the range of C/20−C/ 200, η ion accounts for about 15−30% of the total overpotential, indicating that it contributes to the barrier to a certain extent, especially at high rates. However, it is not the dominant factor for the high potential barrier. The sensitivity of results to C S is estimated by changes of fitting parameters (e.g., α and j 0 ) upon variation in diffusivities and mobilities. It is found that changes in C S do not affect the conclusion that ionic transport is not the dominant factor, as the charge transfer term in the Butler− Volmer model is an exponent function while the diffusion term is only a power function and the power α is less than 1. For example, if both the diffusivity and mobility are doubled, though C S changes by about 50%, α only lowers to 0.90 and j 0 is not affected. Consequently, η ion decreases to only 60 mV as the ionic transport is faster. Detailed discussions are shown in "the effect of ionic transport-discussion" section in the Supporting Information. We would like to emphasize that the purpose of analyses above is to understand the mechanism behind the large barrier but not identify the contribution of each factor quantitatively.
The remaining overpotential is considered to arise from the charge transfer process. This is consistent with a small j 0 of 3 ± 1 × 10
A/cm 2 based on the model above. This value is several orders of magnitude smaller than traditional cathodes, such as LiCoO 2 46 and LiFePO 4 , 47 indicating that this process is difficult for Li 2 S. The charge transfer process could be described as follows. In the single-phase reaction regime (Li 2 S (s) → Li 2−x S (s) + xLi + + xe − ) from the beginning of charge to the top of barrier lithium ions and electrons at the surface of Li 2 S are extracted from solid Li 2 S particle and move to the electrolyte and conductive carbon black, respectively, leaving deficient solid Li 2−x S with the same crystal structure as Li 2 S. The low exchange current and high transfer coefficient are likely due to the fact that Li 2 S is an ionic crystal, and the strong bonding between Li + and S 2− ions makes it very difficult to extract Li + from Li 2 S to the electrolyte when no polysulfide exists in the electrolyte, and thus, the bonding environment for Li + changes drastically from Li 2 S to the electrolyte. Regarding the contribution of electrons and ions to the charge transfer process, as they are both involved in the process (reaction marked with an asterisk (*)), it is hard to separate them and answer which one dominates, but we believe that the overall charge transfer process controls the overpotential and is the main reason for the large potential barrier.
Our model also explains other experimental observations, which further corroborate its validity. It is consistent with the evolution of impedance results in the initial charge ( Figure 6B ). Before charging, only a single semicircle was observed for the Figure 7 . Summary of the model for the initial charging of Li 2 S. Before reaching the top of the potential barrier, Li 2−x S exists as a single phase with a lithium-poor shell on the surface. In step 2, the shell is highly lithium deficient while the core remains in near stoichiometry. In step 3, soluble polysulfides are formed after overcoming the initial barrier, shown as the yellow part around the solid Li 2 S particle. Consequently, the kinetics is significantly improved. At the end of charging, only the polysulfide phase exists with a fast kinetics. charge transfer process, and the corresponding charge transfer resistance (R ct ) is ∼120 ohms. In the middle of charging, for example, after 150 and 300 mAh/g capacity were extracted, two semicircles with smaller R ct of 10−20 ohms were observed. However, at the end of charging, only one semicircle remains with an even smaller R ct of ∼3 ohms. Such evolution could be explained as the electrochemical reaction varies along with the charging (Figure 7) before the barrier top (steps 1 and 2):
in the middle of charging (step 3):
at the end of charging (step 4):
The first charge transfer process is slow according to analyses above, leading to a large charge transfer resistance ( Figure 7 , steps 1 and 2). The core/shell-like structure in step 2 indicates that the surface layer of Li 2 S is highly lithium deficient due to the low ionic diffusivity of lithium ion in Li 2 S, but both the core and the shell remain in a single solid phase. In the middle of charging, two steps occur: from Li 2 S to polysulfides in the electrolyte (yellow), and redox reaction between soluble polysulfide species. As the lithium bonding environment in Li 2 S is more like that in polysulfides than in pure electrolyte, it is reasonable to assume that the charge transfer process is easier between Li 2 S and the polysulfide. The second step should be quite fast as species involved are in the liquid phase. Consequently, two semicircles with much smaller diameter (10−20 ohms) were observed in the middle of charging ( Figure  7, step 3) . At the end of charging, only the polysulfide phase exists, and thus, only one semicircle remains ( Figure 7, step 4) . The assumption of faster kinetics between Li 2 S and polysulfide is validated by the impedance of Li 2 S electrode in the electrolyte with polysulfide additives ( Figure S8 , Supporting Information). Even before charging, two semicircles show up in the impedance as polysulfide acts as an intermediate species for charge transfer. Moreover, the diameters of the two semicircles are only 30−50 ohms, much smaller than that without polysulfide additives, which further confirms that the charge transfer between Li 2 S and polysulfide is easier.
The model above also answers why there is little overpotential after the initial activation in the first charge. First, as discussed above, the charge transfer process was significantly improved after formation of polysulfide nuclei in the electrolyte. Second, since polysulfide nuclei occur in the electrolyte after activation, any small deficiency in lithium ions at the surface of Li 2 S particles will lead to immediate phase separation, and thus, ln(C′/C S ) is close to 0. Consequently, the overpotential due to ionic transport (η ion ) is also negligible and a plateau with little overpotential was observed after initial activation in the first charge.
In summary, we demonstrate a simple and scalable approach to activate micrometer-sized Li 2 S particles. By applying a high charging cutoff voltage to overcome the initial potential barrier, polysulfide phase is formed, which dramatically improves the kinetics of Li 2 S, such as the charge transfer process. This novel approach can turn even 10 μm-sized Li 2 S electrochemically active and leads to a discharge capacity as high as 850 mAh/g. With either polysulfide or LiNO 3 additives in the electrolyte, the cycle retention was improved to 85−88% from the 11th to the 50th cycles with a specific capacity of 500−550 mAh/g. The decay rate is only 0.22% per cycle between the 10th and the 100th cycles for the sample with polysulfide additive. The mechanism behind this novel phenomenon is also studied. The origin of the initial barrier is phase nucleation, but the height of the barrier is mainly a result of poor charge transfer at the surface of Li 2 S and limited diffusivity of lithium ions inside Li 2 S. The results reported here provide a practical approach to utilize Li 2 S as cathode material for lithium-ion batteries. It could potentially lead to rechargeable batteries with specific energy four times that of the state-of-the-art technology.
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